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In this study, AISI 304 austenitic stainless steel sheets are joined through 
TIG welding under various shielding media. Bending fatigue, notch impact 
and bending tests are performed on the joined materials. Hardness of the 
joined materials is also determined. The welding processes are carried using 
pure argon, argon + 1.5% H2 and argon + 5% H2 as shielding media at three 
different welding currents. Both butt and overlap welding processes are car-
ried out at the same welding parameters. The ER 308 L type wire is used as 
the filler material for all the joints. The highest fatigue and impact strengths 
are obtained for both types of joints for argon shielding media. The bending 
test is applied up to 180°, and no tearing, crack or any other bending defects 
after visual examination of the bended samples are observed. The welding 
metal gives the highest hardness values, and they are followed by HAZ and 
base material. 
У даному дослідженні листи неіржавійної аустенітної сталі AISI 304 з’єднувалися газовольфрамовим дуговим зварюванням у середовищі різ-них захисних газів. З’єднані матеріали були піддані тестам на вигин, утомним випробуванням на вигин та випробуванням на ударний вигин із розрізом. Визначалася також твердість з’єднаних матеріалів. Процеси зварювання виконувалися з використанням чистого арґону, арґо-ну + 1,5% H2 та арґону + 5% H2 як захисних середовищ при трьох різних струмах зварювання. Виконувалося як зварювання зі стиком упритул, так і внапусток при однакових параметрах зварювання. Для всіх зварних швів як присаджувальний матеріал використовувався дріт типу ER 308 L. Для обох типів швів найбільша утомна і ударна міцності були одержані при використанні арґонового захисного середовища. Випробування на вигин виконувалися до значень кута вигину у 180°; при цьому на зігнутих зразках візуально не спостерігалося жодних розривів, тріщин та будь-яких інших дефектів вигину. Зварюваний метал мав найвищу твердість як у пришовній зоні , так і в основному матеріалі. 
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В данном исследовании листы нержавеющей аустенитной стали AISI 304 соединялись газовольфрамовой дуговой сваркой в среде различных за-щитных газов. Соединённые материалы были подвергнуты тестам на из-гиб, усталостным испытаниям на изгиб и испытаниям на ударный изгиб с разрезом. Определялась также твёрдость соединённых материалов. Про-цессы сварки производились с использованием чистого аргона, арго-на + 1,5% H2 и аргона + 5% H2 в качестве защитных сред при трёх разных токах сварки. Выполнялась как сварка встык, так и внахлёст при одина-ковых параметрах сварки. Для всех сварных швов в качестве присадочно-го материала использовалась проволока типа ER 308 L. Для обоих типов швов наибольшая усталостная и ударная прочности были получены при использовании аргоновой защитной среды. Испытания на изгиб проводи-лись до значений угла изгиба в 180°; при этом на согнутых образцах визу-ально не наблюдалось никаких разрывов, трещин и любых других дефек-тов изгиба. Свариваемый металл обладал наивысшей твёрдостью как в околошовной зоне, так и в основном материале. 
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1. INTRODUCTION 
Stainless steel can be a confusing material to those unfamiliar with the 
alloys as the term stainless steels refers to a large family of material 
types and alloys [1]. The physical characteristics of stainless steel, in-
cluding high strength and ductility, weldability [2], durability, ease of 
forming and machining, good fire resistance, and ready re-use and re-
cycling make this material ideally suited [3] and relatively new materi-
al for use in construction [4]. Stainless steel or, more precisely, corro-
sion-resisting steels are a family of iron-base alloys having excellent 
resistance to corrosion due to the passive films on the surface [5—7]. 
These properties make austenitic stainless steels attractive candidate 
materials for use in the fabrication of kitchen goods, piping systems 
[2], and in a variety of equipment associated with the chemical and nu-
clear power industries [2, 8]. 
 Austenitic stainless steel is one of the most important categories of 
stainless steels, accounting for nearly 70% of the total amount of 
stainless steels that have been produced [9]. Austenitic stainless steels 
are widely used in food processing, pulp and paper, chemical, petro-
chemical and nuclear industries mainly because they have excellent 
corrosion resistance [10]. Among them, type 304 stainless-steel sheets 
are most commonly used for forming products since they are superior 
in formability [6, 11] and have adequate weldability [12]. However, it 
is structurally metastable and undergoes a partial phase transfor-
mation when subjected to sufficient stress or strain [13]. Gas tungsten 
arc welding (GTAW) is one of the commonly used welding methods for 
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stainless steel [14]. GTAW is suitable for welding thin materials when 
good quality and surface finish are required [15]. 
 Argon (Ar) gas is the most commonly used shielding gas for GTAW for 
stainless steel. Helium (He) gas causes a high heat input due to high arc 
energy and thermal conductivity, and thus supports increasing welding 
speed and weld penetration [16]. Hydrogen has been added to argon in 
welding of stainless steels only recently [6, 14, 17]. The addition of hy-
drogen to argon permits increased welding speeds [6, 18]. Hydrogen also 
significantly increases the volume of molten material in the weld pool 
due to the higher thermal conductivity of argon—hydrogen mixtures at 
temperatures at which molecules of hydrogen dissociate [6, 14]. 
 In the present work, AISI 304 austenitic stainless steel sheets are 
welded by TIG welding method, under various shielding media and at 
various current values. Bending fatigue, notch impact, bending per-
formances and hardness of the joined materials are investigated. 
2. EXPERIMENTAL PROCEDURES 
Austenitic stainless steel (X5CrNi1810) with the dimensions of 
400×80×1.5 mm
3
 and with the quality AISI 304 is used for this experi-
mental work. Schaeffler diagram is used in order to anticipate the mi-
crostructure in advance that can be formed during joining. As can be 
seen from Fig. 1, the main material is shown as A while the additional 
 
Fig. 1. Schaeffler diagram. 
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material is shown as B on the diagram by calculating the equivalences 
of chrome and nickel of the main and additional metals. In accordance 
with the diagram, it is assumed that welding compositions may contain 
10% delta ferrite phase in austenitic matrix. The chemical composi-
tion (% vol.) and the calculated Creq and Nieq equivalence values of the 
base metal used are given in Table 1. Moreover, ER 308 L wire 2 mm in 
diameter is used during welding process as filler material and the 
chemical composition of this material, and its Creq and Nieq values are 
shown in Table 2. 
 Welding processes were carried out using a CEBORA AC-DC 2030-M 
model inverter type welding machine having a tungsten electrode of 
2.4 mm in diameter under three different shielding gas atmospheres. 
Welding parameters used during experiments are shown in Table 3. At 
each parameter, butt and overlap welding methods are performed. The 
overlap distance is chosen as 10 mm and the welding is carried out at 
the both sides. Six welding operations were carried out. 
 The starting and end points of the welded parts are cut off at 20 mm 
away through water jet and fatigue, notch impact, bending and hard-
ness tests samples are prepared from the remaining parts as shown in 
Fig. 2. Whereas the samples for fatigue are prepared from samples of 
both butt and overlap welded joints, the samples for notch impact, 
bending and hardness examinations are prepared only from butt-
welded joint. 
 For hardness measurements, butt welded samples are first cold 
TABLE 1. Chemical combination of main material. 
Chemical composition Equivalence value 
Element C Cr Si Mn Ni Mo Nb Fe Creq Nieq 
Weight, % 0.042 18.45 0.75 1.50 8.56 0.48 0.021 Balance 20.06 10.57 
TABLE 2. Chemical composition of additional material. 
Element C Si Mn Cr Ni Fe Creq Nieq 
Weight, % < 0.02 0.5 1.7 20.1 9.8 Balance 19.68 11.25 
TABLE 3. The used welding parameters. 
Shielding media Current, A Gas stream ratio, min
−1Welding speed, cm/min 
Argon 80 12 12 
Argon + 1.5% H2 70 12 12 
Argon + 5% H2 60 12 12 
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mounted in bakelite and then standard metallographic procedures 
(grinding, polishing and etching) are applied. HV hardness measure-
ments of the welded samples are performed using a Shimadzu HMV 
hardness measuring unit. In hardness measurements, a load of 500 g is 
used and the averages of 5 measurements results for each part are cal-
culated. 
 Eight samples for fatigue tests were prepared for each gas mixture 
through water jet cutting in standard dimensions (EN 288-3). The di-
mensions of butt and overlap welded fatigue samples are given in 
Fig. 3. Schematic illustration of the fatigue testing unit on which the 
 
Fig. 3. Dimensions of fatigue samples: butt-welded (a) and overlap-welded (b). 
 
Fig. 2. Schematic illustration of characterization samples. 
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butt and overlap welded joints were subjected to fatigue tests is shown 
in Fig. 4. 
 Bending fatigue test results and Wöhler curves were constructed 
logarithmically against the maximum number of cycle corresponding 
to the highest stress. Eight samples from the welded joints were pre-
pared. In addition, one sample from the base material was prepared for 
comparison purpose. Boundary cycle number N is determined to be 
2⋅106 for all the tests based on the previous studies. Bending stress σ 
values are calculated using the bending momentum Me used in the tests 
for rectangular cross-section through classical strength calculations as 
follows [19]: 
 W = bh
3/12,  σ = Me/W,  
where σ–bending stress (kg/cm
2), W–axial resistance momentum 
(cm3), Me–bending momentum (kg⋅cm), b–width (cm), h–thickness 
(cm). 
 The bending fatigue testing unit is stopped automatically with a 
magnetic stop mechanism that stops the circuit when the sample is 
broken or fractured during the tests. The counter mounted to the mo-
tor shaft shows the total bending cycle until fracture. A total of 12 
notch impact samples were prepared as 3 samples from each weld metal 
and main material. The dimensions of the notch impact samples are 
shown in Fig. 5. 
 Thicknesses of the welded samples were reduced to the thickness of 
 
Fig. 4. Schematic illustration of the fatigue testing unit. 
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base material by machining. The notches of the samples are formed on 
a milling machine and then the samples are subjected to impact test on 
Devotrans Devo (CDC 0700014) impact unit at room temperature. 
 The bending test samples were prepared according to EN 910 with 
the dimensions of 20×160 mm
2
 from only the butt welded joints 
through water jet cutting. The weld roots and depths of the water jet 
cut samples were reduced to the base material thickness through grind-
ing. Two pieces of bending test samples were prepared from each welded 
joints. Three point bending tests were carried out using Autograph—
Shimadzu tensile-compression unit at 2 mm/min bending speed. 
3. RESULTS AND DISCUSSIONS 
3.1. Hardness Test 
The hardness test gives an idea of the wear resistance of the weld met-
al. Hardness values can give information about the metallurgical 
changes caused by welding. When the hardness test results in Fig. 6 
are evaluated, it is seen that there is a decrease in hardness from weld-
ing zone to base metal. Heat affected zone (HAZ) and base metal follow 
it while the maximum hardness values belong to welding material. In a 
similar study, Tusek et al. [20] join austenitic stainless steel sheets 
with MIG welding method and it is demonstrated that hardness values 
decrease as the distance from the welding material increases. 
 When the joints obtained under different shielding media are com-
pared, it is seen that although there is not a significant difference, the 
highest level of hardness is obtained with Argon + 5% H2 and this is 
followed by with Argon + 1.5% H2. The lowest hardness value is meas-
ured for the joints welded under pure argon atmosphere. In a similar 
study, Abuç [21] joins AISI 304 austenitic stainless steels under vari-
ous shielding media using 308 L welding wire and determines their 
hardness values. The highest hardness value is obtained at the weld 
 
Fig. 5. Notch impact test sample.
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metal. Moreover, he suggests that the joints produced under argon gas 
have lower hardness values than those joined under Argon + 5% H2 
protective gas. 
3.2. Bending Fatigue Test 
Bending fatigue behaviour of three butt-welded joints produced under 
pure argon, argon + 1.5% H2 and argon + 5% H2 and base material are 
wholly shown in Fig. 7. When we examine the curves, it is seen that the 
welded samples have lower bending fatigue lives than that of base mate-
rial. This was attributed to the heat input to the welding zone, which 
leads to structural deteriorations. Yuri et al. [22] and Sivaprasad and 
Raman [23] investigated the bending fatigue properties of welded mate-
rials and reported that bending fatigue resistances of main materials are 
higher than those for welded materials. Moreover, when the fractured 
surfaces of welded materials are examined, it is seen that fracture most-
ly takes place at HAZ, which is the weakest point of joints. Similar find-
ings were also observed in another study, which is about bending fatigue 
lives of friction stir welded aluminium alloy materials [19]. 
 As seen from Fig. 7, the highest bending fatigue strength takes 
place in the base material. Whereas the highest bending fatigue 
strength for the welded materials is demonstrated in the samples 
joined under argon gas and this is followed by argon + 1.5% H2 and ar-
gon + 5% H2. When the welded samples joined under H2 containing 
shielding media are examined, the more H2 added, the lower the bend-
ing fatigue strength and the more possibility to fracture is seen. 
 When the bending fatigue resistances of base material and overlap 
 
Fig. 6. Hardness measurement results. 
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welded samples joined under three different shielding gas composi-
tions (pure argon, argon + 1.5% H2 and argon + 5% H2) are compared, 
the bending fatigue strength of the base metal is seen to be higher than 
those of the overlap welded joints. The bending fatigue strength of the 
overlap-welded sample joined under pure argon is seen to be higher 
than the others joined under H2 added shielding media. 
 For both the butt welded (Fig. 7) and overlap welded (Fig. 8) joints, 
it is observed that increasing hydrogen addition to argon gas as shield-
ing media decreased the bending fatigue strengths of the welded 
joints. The larger hydrogen addition corresponds to the lower bending 
 
Fig. 7. Bending fatigue resistances of base material and butt-welded samples 
joined under three different shielding gas compositions. 
 
Fig. 8. Bending fatigue resistances of base material and overlap welded sam-
ples joined under three different shielding gas compositions.
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fatigue strength. This is attributed to the presence of hydrogen in mo-
lecular form in the welding zone and its contribution to crack growth. 
During welding H2 is dissociated and brought into the welding zone in 
atomic form. Within the material, it recombines and diffuses to even-
tually forms voids within the material that initiate cracks. Tusek and 
Suban [17] state that hydrogen addition to shielding gas in TIG weld-
ing causes some problems like bubbles and cracks. 
 In welded austenitic stainless steels, diffusion of hydrogen in weld 
metal to HAZ and grain growth at high welding temperatures are criti-
cal regarding the quality of weldability. This affects the fatigue life of 
welded parts. Molecular hydrogen breaks down to atomic form at the 
high arc plasma temperatures within the welding arc. Hydrogen ions 
are then absorbed into the molten weld pool and transported through 
the weld metal and into the parent metal HAZ by diffusion. This diffu-
sion stage is particularly important where the weldment experiences a 
longer cooling phase, causing austenitic grain growth in the HAZ dur-
ing the austenitization stage. It appears that weld metal hydrogen con-
tent rises at the fusion line and gradually decreases further away 
throughout the parent metal HAZ. The hydrogen content of the HAZ 
rises because of hydrogen diffusion into the parent metal [24]. 
 Some hydrogen in shielding gas is entrapped into weld metal and 
HAZ after cooling and this, in turn, leads to cracks especially in transi-
tion zone over time. The diffused hydrogen gathers at the three axes 
stress zone (at sharp corners of dislocations and microcracks). This in-
creases stress crack propagation. Therefore, increasing hydrogen addi-
tion to shielding gas decreases bending fatigue resistance. 
 It is reported in another study [25] that the ingress of hydrogen into 
metals can occur in several ways depending on material type, the pres-
ence of hydrogen in the form of atomic hydrogen, and factors such as 
the solubility of atomic hydrogen, the pressure of hydrogen, and 
stress. The first route involves separating reservoir fluids into oil, gas, 
and formation water. The second route is associated with the introduc-
tion of hydrogen into the weld pool during welding. 
 When the bending fatigue strengths of the butt and overlap welded 
joints are compared, it is seen that the overlap-welded joints are better 
than the butt-welded joints; see Figs. 7 and 8. It is thought that the 
reason for this might be the overlap weld geometry that increases the 
strength. 
3.3. Impact Test 
Impact test is employed to check the ability of a weld to absorb energy 
under impact without fracturing. This is a dynamic test, in which a 
single blow breaks a test specimen, and the energy used in breaking the 
piece is measured in foot-pounds. This test compares the toughness of 
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the weld metal and HAZ with the base metal. It is useful in finding if 
the welding process destroyed any of the mechanical properties of the 
base metal. 
 The notch impact test results of the base material and butt-welded 
joints are presented in Fig. 9. The notch impact tests are carried out 
only in order to compare the base metal and welded samples and the 
welded samples among themselves (in order to see the effects of H2 gas 
addition to argon). 
 When Figure 9 is examined, it is seen that the highest notch impact 
resistance belongs to base material with 18.1 J. The highest notch im-
pact resistance among the weld metals of three different samples 
joined under three different shielding gases belongs to the sample with 
17.9 J joined under pure argon shielding gas. That sample is followed 
by argon + 1.5% H2 with 17.5 J and argon + 5% H2 with 16.4 J. It can 
be concluded from this result that H2 gas added to argon shielding gas 
decreases the notch impact resistance. When argon + H2 gas is used, 
the heat input to welding zone is increased and δ-ferrite amount in the 
welding zone is also increased. Increasing δ-ferrite amount in the weld 
metal having body centred cubic structure leads to decreasing notch 
impact resistance values. Liao and Chen [26] also stated that δ-ferrite 
has influence on the notch toughness of all the weld metals. 
 When notch impact test results are examined, it is seen that weld 
metals of the welded samples are not as tough as the base material. 
Moreover, the shielding gases used during welding affect the weld 
metal toughness value. If the notch impact values of weld metals of the 
welded samples shown in Fig. 9 and hardness values given in Fig. 6 are 
compared, it is seen that when hardness values measured at welding 
metals are increased, toughness decreases. At a similar study on weld 
metals of different metals, Kılınçer and Kahraman [27] reported that 
 
Fig. 9. Notch impact test results of base material and butt-welded samples. 
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notch impact resistance is decreased in accordance with the increase of 
hardness of weld metal. 
3.4. Bending Test 
The quality of the weld metal at the face and root of the welded joint, as 
well as the degree of penetration and fusion to the base metal, are de-
termined by means of guided bend tests. To fulfil the requirements of 
this test, the specimens must be bent 180° and, to be acceptable, no 
cracks greater than 1/8 in. (3.2 mm) in any dimension should appear 
on the surface. 
 The bending photos of the butt-welded samples joined under three 
different shielding gases (pure argon, argon + 1.5% H2 and ar-
gon + 5% H2) are given in Fig. 10. During the bending tests, a careful 
visual examination was made in order to determine the crack-starting 
angle of the welded samples and it was seen that all of the samples were 
bended up to 180° without any problem. No cracks, tears, etc. are seen 
by visual quality control of the bended samples. 
 After recognizing that there are no cracks at the weld zones (weld 
metal, HAZ and base material) of the bended samples, it is seen that the 
welded joints are in accordance with the standards and the welded 
joints can be easily bended and used in service conditions. Moreover, 
the bending of welded joints up to 180° without any fracture shows 
that the welding is sound. In their similar studies, Gülenç et al. [6] and 
Durgutlu [14] joined austenitic stainless steels under pure argon and 
argon with various amounts of hydrogen additions and reported that 
there are no cracks and tears after 180° bending tests. 
 
Fig. 10. After bending photos of butt-welded joints. 
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4. CONCLUSIONS 
The following conclusions can be drawn from this study: 
1. According to hardness test results, at all the shielding media, the 
highest strength value is measured from the weld metal and this is fol-
lowed by HAZ and base material. 
2. According to bending fatigue test results, the bending fatigue val-
ues of the both butt and overlap welded joints are found to be lower 
than those for the base material. 
3. It is seen that the increasing H2 gas addition to argon gas reduced 
the bending fatigue strength of the welded joints. 
4. When the butt and overlap welded joints are compared among them-
selves, it is seen that the fatigue strength of the overlap welded joints 
is found to be slightly better than those for the butt welded joints. 
5. According to the notch impact test results, the toughness values of 
all the welded joints were lower than those for the base material. More-
over, the H2 gas added to argon decreased the notch impact values 
slightly. 
6. According to the bending test results, the specimen bended up to 
180° showed no traces of crack and tear. 
7. Although, the H2 addition deteriorates some properties of the weld-
ed joints, it might be advantageous for some applications as less energy 
is required. Besides, hydrogen addition to the argon as shielding gas 
increases melting efficiency of TIG welding of austenitic stainless 
steel. 
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